The successive phase transitions of [Mg(H?0) 
Introduction

For most of the [M(H20)6][SiF
] type crystals, the structural phase transitions have been reported. Although these phase transitions are considered to be due to the order-disorder of [M(H20) 6 6 ] is known to have five stable phases [2] , Phase II is the incommensurate phase. The modulated structure in phase II has been studied by use of ESR spectroscopy, and a drastic change in the modulation amplitude at 343 K has been reported [2] [3] [4] , Although the investigations have been performed with the diffraction methods, a detailed analysis of the modulated structure in the incommensurate phase has not been done [5] [6] [7] [8] . These phase transitions can be considered to be related to the motions of H 2 0, [Mg(H 2 0) 6 6 ] was prepared by the recrystallization from heavy water.
2 H NMR was measured by a CMX-300 spectrometer with a 10 mm0 glass sample tube at 45.825 MHz. For 2 H NMR spectra, the(7r/2) x -r -(it/2) y -r-acq pulse sequence was used. The 7t/2 pulse width and r were set at 2.0 |is and 40 (is, respectively. 'H and 19 F NMR were measured by a home-made pulse NMR spectrometer at 25.000 MHz. The inversion recovery method was used for the measurements of T\. Offset/kHz 2 Qq/h and q, which were estimated from the spectral width shown in Fig. 1 by the equations [11] 200 300 400
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e 2 Qq/h and q changed continuously at the I -II and the III-IV transitions and discontinuously at other transitions. The continuity of e 2 Qq/h and q at the I -II phase transition is consistent with the fact that the normal-incommensurate transition is of second order. For the III-IV transition, a large change in the structure between phase III and IV has not also been observed by ESR [2] , Additional discontinuities of e 2 Qq/h and q were observed at 343 K. A drastic change of ESR spectra has been reported at the same temperature [2 -4] 2 Qq/h = 127 kHz and 7/ = 0.9 were obtained from the spectrum at 255 K. The principal axes system of the EFG tensor (3,2,1), averaged for the fast 180° flip of H 2 0, was assigned as follows: The 1 axis is perpendicular to the water molecular plane, the 2 axis stays in the water plane and the 3 axis is parallel to the bisector of HOH. For the static quadrupole principal axes (x, 7/, z) it was assumed that the 2 axis is parallel to O-H bond and the y axis perpendicular to the water molecular plane. The site frequency UJ 1 is written by the second-order Wigner rotation matrix D (2 
where (a, ß, 7) and (-0,0, (f>) are the Euler angles for the transformation from the molecular axes to the principal axes system of the quadrupolar tensor and from the laboratory axes to the molecular axes, respectively. ß = 78.9°, and 7 = 46.6° were estimated from the result of the neutron diffraction analysis [8] , The frequencies of the three sites were specified by a = 0°, 120°, and 240°. The quadrupole echo signal Git, 0,4>) is written as [13] Git, 0,<t>
Here, P is a vector of site populations, and we assumed P\ = P 2 = P3 = 1 /3. The signal of a powder sample, G(t) was given by averaging over (#,</>) and the spectra were obtained by Fourier transform of Figure 3 shows the temperature dependence of the observed and simulated spectra of 2 H NMR. The good agreement between the observed and calculated spectra shows that the applied model is appropriate. The temperature dependence of the jumping rate k for the reorientation of [Mg(H 2 0)6] 2+ is shown in Figure 4 . Assuming an Arrhenius relation, k is given by
G(t).
where, ko and E a are the jumping rate at infinite temperature and the activation energy for the reorientation around the C3 axis of the [Mg(H20 (13) where C^D is the angular NMR frequency of 2 H. ß' is the angle between the O-H bond and the flipping axis. The correlation time TD is written as Below 360 K, a least-squares fitting was performed using (12) - (14) with CQ, TOD and E a D as parameters. TOD and E a r> were obtained as 4.0x10" 15 s and 33 kJmol -1 , respectively. The e 2 Qq stat /h value was estimated to be 240 kHz from the obtained CQ value, using ß' = 53.9° given by the neutron diffraction analysis [8] . The principal values of the EFG tensor (eq33,eq 22 ,eq\\), averaged for the 180° flip of H2O, are written by using eq stat and q stat [11] The magnetization recoveries of both 'H and 19 F showed a non-exponential time dependence due to the cross relaxation between 'H and 19 F [16] . In phase V, those of both nuclei could be separated into two components, and T\ of each component could be estimated. In the other phases, however, T\ was determined from the initial portion of the magnetization recoveries, which showed an exponential time dependence, since the separation of the two components was difficult. Figure 6 shows Table 2 . Here, TOH was estimated by using CHH = 19 G 2 , which was obtained from the experimental result of the second moment reduction AM 2 [9] , using the relation C = (2/3)AM 2 6 ] 2+ , however, the activation energy for the protonated compound was smaller than that of the deuterated compound. The difference of mass between H and D can be considered to contribute largely in the change of the activation energy for the reorientation of [Mg(H 2 0) 6 ] 2+ .
